Morphing aircraft concepts require powerful, compact and lightweight actuation technologies in order to realize the significant changes in shape and aerodynamic properties desired. One source of inefficiency and lost performance common to all types of actuators is the mismatch between the force available versus stroke profile of the actuator and that required by the load. This work investigates a novel spiral spooling pulley mechanism that allows for kinematic tailoring of the actuator load line to better match the load required. To show the impact of kinematic tailoring on actuator efficiency, a representative case study is made of a Pneumatic Artificial Muscle driven morphing camber airfoil employing the Fish Bone Active Camber concept. Pneumatic Artificial Muscles have a decreasing force available with displacement, which is the opposite behavior of the system being driven since the aerodynamic and structural loads on the active camber mechanism increase with deflection. This results in inefficient usage of the energy in the actuator, and reduced system performance. By using an advanced spiral pulley kinematic mechanism, the actuator force profile is successfully tailored to match that required, with an additional torque margin added to account for any unmodeled effects. Genetic algorithm optimization is used to select the geometric parameters of the spiral pulley that maximize energy efficiency of the actuator while ensuring it is able to produce the required torque levels. The performance of the optimized spiral pulley is compared to a baseline case employing an optimized circular pulley which does not alter the shape of the actuator force profile to show the performance improvement provided by the kinematic tailoring.
I. Introduction
ORPHING aircraft are an active area of research in the aerospace community because of the promise that they hold for increasing the efficiency and versatility of a wide range of fixed and rotary wing aircraft, from small Unmanned Aerial Vehicles (UAVs) to high speed rotorcraft to large commercial jet airliners. However, one challenge faced by many morphing concepts is the significant energy which must be put into the structure to achieve the large scale changes in geometry and performance that are desired. Actuation is therefore a key component to the viability of morphing aircraft, with a pressing need for powerful, lightweight, and compact solutions. Minimizing weight is particularly important to ensure that the aerodynamic benefits of the morphing aren't outweighed by reductions in payload and/or performance from increased system mass. This concern is compounded by the fact that any morphing structure is likely to be heavier than its non-morphing counterpart. Due to the challenging requirements of morphing aircraft, researchers have been motivated to look beyond the hydraulic pistons and electromechanical actuators that have to date been the primary means of aerospace actuation. Smart materials such as piezoelectrics, shape memory alloys, magnetostrictives, and electroactive polymers have been widely explored for morphing applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Pneumatic systems, including both traditional pistons and alternative configurations such as bladder actuators and pneumatic artificial muscles, have also attracted interest. [15] [16] [17] [18] These different actuation systems all have various advantages and limitations which make them applicable for some applications but not others.
The objective of this paper is to develop a framework for considering the efficiency with which a given actuator converts the energy put into it into useful work driving a given load, and to introduce a kinematic tailoring mechanism which can modify the shape of the actuator force profile to improve this efficiency. To this end, an energy conversion efficiency metric will be defined which relates the energy input into an actuator to the work performed on the load, known also as output work. It will be shown that for many morphing applications, this efficiency is quite low due to an inherent mismatch in the shape of the force available versus displacement profile of common actuators and the force required versus displacement profile of the load driven. A specific case study will be introduced which allows for more detailed study of energy conversion efficiency, and the impact of introducing kinematic tailoring. A spiral spooling pulley is then proposed as an ideal kinematic mechanism for tailoring the input kinematics to better match the available and required load lines. Finally, the impact of this tailoring on actuator performance will be examined.
II. Actuator and Load Force Profiles
In order to establish a basis for the analysis presented here, it is useful to consider the characteristic behavior of typical actuation technologies relative to the requirements of different types of driven loads. Actuators can be thought of in the most basic sense as a means of simultaneously generating force and displacement. Force without displacement and displacement without force are both zero work situations; it is only the combination of the two that allows actuators to affect their environment. The evolution of the force output with displacement, known here as the force profile, although sometimes also called the characteristic curve, is therefore a key fundamental property of an actuator. The unique operating principles that drive different classes of actuator also give them different force profiles. This is best seen by considering Figure 1a , which is adopted from Huber, Fleck, and Ashby. 19 Here the force profiles of a range of actuators are shown normalized. The force available is divided by the cross sectional area of the actuator to give a stress, which is then divided by the maximum stress which can be generated to scale all the actuators to the same relative output. The displacement is divided by actuator length to provide a strain measurement, which is then divided by the maximum strain the actuator can develop. In this way, the actuators can be compared solely on the shape of their force profiles. The most commonly seen force profiles in practice are the constant force output of hydraulic and pneumatic pistons (the line labeled pneumatic in this figure refers to piston type actuators only) and the decreasing output of piezoelectric, shape memory alloy, and thermal expansion based actuators. Electromechanical actuators, while not included in the Huber, Fleck, and Ashby diagram, also have constant force output, stemming from the constant torque available from the electric motors which drive them.
On the other hand, the force profiles required to move the types of loads typical of a morphing application can be quite different. Figure 1b shows some representative examples, including a linear spring, a linear spring with a vertical offset, and a stiffening spring. Loads of this form would be expected for morphing aircraft concepts such as compliant leading or trailing edge camber changes, 20, 21, 22, 23, 24 elastic span extension, 25, 26 warp induced variable twist, 27 and chord extension, 28 amongst others. The impact of the mismatch in force profiles between actuator and load is a reduction in achievable deflection and a loss of efficiency, requiring more input energy and a larger, heavier actuator to perform a given task. Actuators convert energy input into force and displacement available. If the force available at a given displacement is more that the force required, then there will be energy put into the system which produces no useful work. While the total energy balance and efficiency of the actuator is also strongly dependent on the relationship between energy put into the actuator (in the form of electricity, pressurized fluid, thermal energy etc.) and energy available as force and displacement output from it, it is useful for this initial analysis to consider an actuator which converts energy input into available work with perfect efficiency. In this case, the work available at any point is exactly equal to the energy in. Given this assumption, we consider the representative force profiles seen in Figure 2 . This figure shows the normalized force profiles of three idealized actuators; constant force output, decreasing output, and increasing force output. Note that the first two examples are similar to force profiles seen in Figure 1a . While the increasing force example is perhaps similar in shape to the moving coil/solenoid curve in Figure 1a , it is important to note that actuators of this type have quite poor specific work (work available/mass) and are generally not suitable for morphing applications. Therefore, moving coil and solenoid type actuators are not considered further. Given this, it can be seen that none of the actuators relevant to morphing aircraft have the intrinsic behavior of a linearly increasing force profile. Also shown in Figure 1 is a linear spring load, representative of many morphing applications, against which the three different actuators are to act.
Figure 2. Comparison of idealized actuator load lines against spring load
We can define three energy terms to describe the different energy states of the system. First the energy input, E in into the actuator will be the total amount of energy put into the actuator from zero displacement until the current displacement, x. This term is highly dependent on the particulars of a given actuator, and so no general equation is available. Secondly, the work available is the maximum amount of work the actuator could theoretically produce from zero displacement to the current displacement given the force available, F avail , in the force profile. This can be written as:
And finally, the work out is simply the work associated with moving the load, equal to:
Equivalent work equations can be derived for a system driven by torque and rotary motion instead of force and linear displacement. In this case the work available will be:
and the output work is:
For both linear and rotary motion systems, we can define an energy conversion efficiency metric, η ec :
Now consider again Figure 2 . The force profiles of the three actuators have been scaled such that the total available work, W avail,tot , over the entire displacement range x = 0-1 is exactly the same for all three, with a nondimensional work equal to 0.5 units in each case. Furthermore, given the perfect conversion of energy input assumed here, all three actuators have a non-dimensional E in,tot = 0.5 units. This is perhaps the best metric to equate between the three actuators as this implies that they all have the same potential to do work, and furthermore it could be argued that actuator weight and volume would scale most directly with total available work.
With this equivalent energy comparison, we can see that both the constant force and decreasing force actuators are only able to move the load to a normalized equilibrium displacement, x eq , of 0.5. After this, the force required is greater than the force available, which would reverse the direction of motion back towards the equilibrium point. The increasing force actuator however, is able to move the load all the way to x eq = 1. So the first significant benefit seen with the increasing force profile is a 100% increase in the displacement achievable. Associated with this doubling of displacement is a 300% increase in the work output. This can be seen geometrically in Figure 2 from the shaded regions under the force required line. The light grey is the work out at x eq = 0.5, equal to 1/8 of the total plot area, or 0.125 non-dimensional work units. The work output at x eq = 1 is the sum of the light grey and dark grey areas, equal to 0.5 non-dimensional work units.
It is not accurate, however, to say the increasing force actuator is four times better than the other two, as efficiency includes both work out and energy in, and the increasing force actuator requires more energy in to get to x eq = 1. From Table 1 we can see that when considering energy input as well, the idealized increasing force actuator has a perfect energy conversion efficiency, whereas the constant force actuator wastes 50% of its energy and the decreasing force wastes 67% of its energy. The linear increasing force actuator provides a 100% increase in efficiency over the constant force actuator, and a 200% increase over its decreasing force equivalent. It can therefore be seen that significant increases in energy conversion efficiency can be realized through matching the force profile available to that required. This research will attempt to do this by introducing a kinematic modification mechanism between the actuator and load which alters the displacement and moment arm of any given actuator to better match any given load.
III. Case Study: Pneumatic Artificial Muscle Driven Fish Bone Active Camber
In order to examine the question of kinematic modification for efficiency improvement in more detail, particularly with respect to the question of energy input into the actuator, it is useful to consider a case study. This will allow for the detailed design and analysis of an actuation system for a specific task, allowing for a less idealized evaluation of efficiency and a quantitative comparison between different kinematic mechanisms. For the actuation technology, we will consider Pneumatic Artificial Muscles (PAMs), and for the load we will consider a recently introduced active camber concept known as the Fish Bone Active Camber (FishBAC) mechanism. While the kinematic modification which will be introduced is not unique to this choice of actuator and load, PAMs are decreasing force actuators and the FishBAC is a spring type load, making the load lines significantly mismatched and good candidates for kinematic modification. The actuation technology and morphing concept will first be briefly introduced, followed by discussion of how the two technologies will be integrated. A motion conversion device is needed to transform the tensile force and linear motion produced by the actuator into the torque and rotational motion required to drive the FishBAC. This device also serves as the means for kinematic modification. For the baseline configuration, this device takes the form of a circular spooling pulley. This is then replaced with a spiral spooling pulley designed to allow for advanced kinematic modifications and better load line matching. The performance and energy conversion efficiency of the two configurations is then compared.
A. Pneumatic Artificial Muscle Overview
PAMs are a class of pneumatic actuators that have a unique operating mechanism and promising performance characteristics. Originally invented in the 1950's by McKibben, 30 they have only recently been introduced into the field of aerospace engineering. 31, 32, 33 PAMs are made of an air-tight, inflatable bladder surrounded by an expandable sleeve braided from stiff filaments. The bladder and sleeve are initially cylindrical in shape, and the two ends are sealed with end fittings of various designs. Pressurized air is introduced into the bladder through a port in one of the end fittings, where it then acts on the entire inner surface of the bladder, forcing it to expand in diameter. This expansion is restricted by the braided sleeve however, whose expansion is mechanically coupled with contraction due to the kinematics of the movement of the sleeve filaments. The internal air pressure creates a force over the large internal area of the bladder, a component of which is converted into axial tensile forces in the filaments, which pulls the two end fittings together. In this manner, internal pressure is converted into contractile motion and tensile force. Figure 3 shows a PAM at rest and pressurized; here the radial expansion and associated contraction can be seen. Additionally, there is a change in the angle of the braid filaments, with the braid angle decreasing from its initial value, θ 0 , with contraction.
Figure 3. PAM actuator design and operating principle
PAMs are considered here primarily because of their ability to generate large forces and displacements despite low actuator weight. This gives them a large specific work output on the order of 4,000 J/kg, 34 which compares well with that of electromechanical actuators (~300 J/kg), 35, 36 piezoelectric actuators (~1 J/kg), 19 and pneumatic pistons (~1,200 J/kg). 19 On a per unit operating pressure basis, PAMs are also superior to hydraulic pistons, generating 6,400 J/kg/MPa compared to 1,700 J/kg/MPa. This advantage is offset however by the much higher operating pressure of hydraulics, typically 20 MPa as opposed to 0.6 MPa for PAMs. While this results in significantly higher specific work for hydraulics (35,000 J/kg), 19 hydraulics have other disadvantages resulting from the very high operating pressure and a heavy operating fluid. Recent work has found PAMs to be a promising solution for active trailing edge flaps 37 and span morphing 38 which have similar requirements to the active camber mechanism studied here. While the efficacy of the advanced kinematic device proposed below is not necessarily dependent on the choice of actuator, PAMs do provide an interesting and potentially viable solution.
Of fundamental interest to this study is the force versus displacement profile of PAM actuators. Due to their operating principle and the evolution of the angle of the braided sleeve filaments, PAMs are intrinsically a decreasing force actuator, as can be seen in Figure 4a . Here, the force profiles of a representative PAM are shown at four different operating pressures. It can be seen that force varies from a maximum blocked force at the initial length to a force of zero at the free contraction length, in a similar manner to piezoelectric, thermal expansion, and magnetostrictive actuators. Both blocked force and free contraction can be increased by increasing the operating pressure, although contraction is typically limited to a maximum of roughly ∆L/L 0 = 0.4 due to the mechanics of the braid. In order to accurately predict the PAM force available over a range of contractions, pressures, and actuator geometries this analysis uses an analytical force model developed in previous work by Woods, Wereley, and Kothera.
39 Figure 4a shows a validation of this model over a range of operating pressures. In order to ensure the actuator can fit into the space available, the initial diameter and initial braid angle have both been fixed in this study to D 0 = 10 mm and θ 0 = 73° respectively. Initial actuator length, L 0 , is still an open design variable however, as the spanwise integration of the PAM into the hollow spar of the FishBAC (as discussed below) allows for considerable freedom with this design parameter. Furthermore, the operating pressure has been set to 0.62 MPa based off of previous system designs. 37, 38 With this geometry and operating pressure, the force model from Woods, Wereley, and Kothera 39 can be used to accurately predict the force profile, the results of which are shown in Figure 4b . Note that this force profile corresponds to the lower portion of the hysteresis curves shown in Figure 4a , as this is the force available during contraction.
The energy input into a PAM actuator can be approximated as the operating pressure, P, times the internal air volume, V a : (6) The PAM model used to predict force is also used in this work to predict internal air volume as a function of contraction. 39 Internal air volume is high dependent on initial length, as seen in Figure 5 . Note the non-linear behavior and the significant initial volume at zero contraction, which is the internal volume of the hollow bladder. While only three active lengths are shown in Figure 5 , the model is capable of predicting volume for any PAM geometry. 
B. Fish Bone Active Camber Mechanism
A new morphing concept known as the Fish Bone Active Camber (FishBAC) mechanism 40 was chosen as the driven load for this case study. This concept, shown schematically in Figure 6a , uses a biologically inspired, highly anisotropic internal bending beam spine and Elastomeric Matrix Composite (EMC) skin surfaces to create a compliant trailing edge capable of large camber changes. The trailing edge is morphed downwards by a pair of antagonistic tendons which spool around a pulley mounted in the hollow leading edge spar. The amount of camber is continuously variable depending on the rotation angle of the tendon spooling pulley, δ F . Wind tunnel testing of the prototype seen in Figure 6b found the FishBAC provided improved aerodynamic efficiency compared to traditional trailing edge flaps, with increases in lift-to-drag ratio of 25% being realized at equivalent lift conditions. 41 (a) (b) Figure 6 . FishBAC concept: a.) design schematic and b.) fabricated prototype 41 A strongly coupled, partitioned, fluid-structure interaction code has been developed to model the complex interaction between the structural stiffness, aerodynamic pressure loading, and tendon drive system for this compliant morphing structure. 42 This code can be used to generate actuation requirements for a given set of geometric parameters and an aerodynamic operating point. For this case study, a 0.5 m span, 0.3 m chord section of NACA 0012 baseline (unmorphed) airfoil at an angle of attack of 5°, flying at a speed of 120 km/hr (M = 0.097) was used. These parameters are representative of a morphing section on a medium scale Unmanned Aerial Vehicle (UAV). This FishBAC geometry is predicted to generate a 2D lift coefficient of C l = 1.8 when fully deflected, with a vertical trailing edge displacement of w TE = 49 mm (16% of chord) and a tendon pulley rotation of δ F = 50°.
The predicted torque required versus tendon spooling pulley rotation angle is shown in Figure 7 . In order to account for any potential unmodeled effects, such as friction or non-linearities in the structure, an additional torque margin of 0.5 Nm is added at every rotation angle. This modifies the essentially linear stiffness of the FishBAC load into a linear stiffness with a vertical offset, albeit a fairly modest offset. The maximum torque required is 6.98 Nm at the δ F = 50° design point. 
C. PAM/FishBAC Integration
In order to better understand the constraints of this design problem, it is useful to consider in further detail some aspects of the integration of the PAM actuator into the FishBAC concept. The motion conversion device, PAM orientation and gear ratio will therefore be discussed in turn.
Motion Conversion Device
In order to transform the linear motion and tension force generated by the PAM into the rotation and torque needed by the FishBAC, a motion conversion device is required. While many linear to rotary motion mechanisms exist (rack and pinions, lead screws, bellcranks, etc.) the desire to minimize weight and employ the simplest possible solution motivates consideration of an alternative. A cable attached rigidly on one end to a pulley and on the other to the actuator was chosen. This mechanism, which is referred to here as a "spooling pulley", makes a highly effective linear to rotary motion conversion device as the rigid attachment of the end of the cable to the pulley provides a simple mechanism to convert tensile force into torque, and the ability of the cable to spool on to and off of the pulley allows for a large angular range of rotation. It is therefore lighter and simpler than a rack and pinion or a lead screw, while having a larger range of motion than a bellcrank.
The baseline configuration for a cable spooling pulley motion conversion device would be a circular pulley. This device would have constant radius and therefore moment arm, thereby directly transferring force into torque without modifying the shape of the actuator force profile. This mechanism configuration has been successfully used in previous work as a means to convert linear PAM motion into rotation of a helicopter trailing edge flap. 37 A schematic of a circular spooling pulley driven by a PAM is shown in Figure 8a .
In order to introduce additional design variables in the conversion of force into torque, such that the force profile can be modified as desired, a spiral shaped spooling pulley is introduced. Such a device is shown schematically in Figure 8b . The intention is that the decreasing amount of force available from the actuator with contraction is multiplied by a rapidly increasing moment arm, thereby producing an increasing torque with rotation that better matches the load requirements. Note in Figure 8b that rotation of the spiral pulley generates lateral motion of the cable at the point of contact with the pulley. In order to enforce purely longitudinal motion in the PAM, a pair of small cable redirecting pulleys (green circles in the figure) are included.
For the case study chosen, the actuator produces linear motion and the load requires rotary motion. The kinematic tailoring device employed here also serves as a motion conversion device to create rotation from the actuator. It is important to note that this will not always be required, for instance linear actuators may be used to drive linear loads, rotary actuators may drive linear loads, or rotary actuators may drive rotary loads. In all of these scenarios, it is still possible to employ the spiral spooling pulley as a kinematic tailoring device, so long as additional motion conversion devices are employed. For instance, if a linear actuator is to drive a load with linear motion, then the spiral spooling pulley could be connected to another circular spooling pulley to draw in a tendon, thereby creating linear motion. In effect, this is what happens with the FishBAC mechanism, as the tendons which drive the morphing trailing edge move essentially in a linear fashion before attaching to the tendon spooling pulley.
In the case of the FishBAC, the tendon spooling pulley provides an additional benefit of resolving the initial tension in the tendons into the structure.
(a) (b)
Figure 8. PAM motion conversion devices: a.) circular and b.) spiral spooling pulleys
For the case study chosen, the actuator produces linear motion and the load requires rotary motion. The kinematic tailoring device employed here also serves as a motion conversion device to create rotation from the actuator. It is important to note that this will not always be required, for instance linear actuators may be used to drive linear loads, rotary actuators may drive linear loads, or rotary actuators may drive rotary loads. In all of these scenarios, it is still possible to employ the spiral spooling pulley as a kinematic tailoring device, so long as additional motion conversion devices are employed. For instance, if a linear actuator is to drive a load with linear motion, then the spiral spooling pulley could be connected to another circular spooling pulley to draw in a tendon, thereby creating linear motion. In effect, this is what happens with the FishBAC mechanism, as the tendons which drive the morphing trailing edge move essentially in a linear fashion before attaching to the tendon spooling pulley. In the case of the FishBAC, the tendon spooling pulley provides an additional benefit of resolving the initial tension in the tendons into the structure.
PAM Orientation
To allow for a sufficiently long actuator, it is necessary to align the PAM with the span direction. This orientation is amenable to use in the FishBAC concept because of the large open space available in the leading edge of the rigid spar. While the diameter of the PAM is restrained by the small thickness to chord ratio of the airfoil and the thickness of the spar flanges, the length can extend for nearly the entire morphing span, or even further if the adjacent non-morphing portions of the wing have sufficient space available. The forward mounting of the actuator is also good for maintain the desired chordwise weight distribution, which affects aeroelasticy. Maintaining the center of gravity in front of the elastic axis is particularly important for high aspect wings and rotor blades.
Gear Ratio
One impact of the spanwise PAM orientation is that the axis of rotation for the circular and spiral spooling pulleys will be orthogonal to the required input axis for the FishBAC tendon spooling pulley. This will require the use of a mechanical element to rotate the axis of rotation. To accomplish this, a bevel gear is proposed in this study. A beneficial side effect of the use of a bevel gear is the ability to modify the gear ratio, GR, between the actuator output and the FishBAC input. This allows for torque to be traded off for increased rotation angle, or vice versa. Given the physical constraints of the airfoil geometry, a bevel gear would likely be able to introduce modest gear ratios on the order of GR = 1-5. Larger gear ratios would also be feasible if spur gears were added in series to the actuator output, but this is to be avoided if possible in order to minimize weight and complexity.
IV. Circular Spooling Pulley Analysis
The analysis of a PAM driven FishBAC morphing airfoil employing a circular spooling pulley will be presented first. The kinematics of the motion conversion will be derived, and the open design parameters will be highlighted. Given the small number of parameters and the simplicity of the equations, a pattern search algorithm is successfully employed to optimize the system for energy conversion efficiency.
The starting point for this analysis is the derivation of the kinematic equations which relate PAM contraction to pulley rotation and which define the moment arm at which the PAM force acts to create torque. The change in length of the PAM will be equal to the arc length of the portion of the cable which has unspooled from the pulley over the spooling pulley rotation angle, δ:
where r c is the constant radius of the circular spooling pulley. The PAM force model discussed in the Pneumatic Artificial Muscle Overview section is used to find the force generated by the PAM, F P , at the current contraction (∆L/L 0 ). The resulting torque on the circular pulley is then found by multiplying by the moment arm, which is constant in this case and equal to the pulley radius: (8) The resulting torque on the FishBAC tendon spooling pulley, T F , will be modified by the gear ratio, GR, due to the presence of the bevel gear:
The tendon spooling pulley rotation angle, δ F , is also modified, albeit in the inverse manner; Other than the bounds placed on the design parameters, the only constraint on the optimization was the requirement for the output torque available from the actuation system to be greater than or equal to the torque required by the FishBAC over the entire range of tendon spooling pulley rotation angles. If the torque dropped below the blue line shown in Figure 7 , the parameter set was deemed infeasible and dropped from the optimization. The objective function J = 1/η ec , evaluated at the δ F = 50° design point, was minimized by the optimizer, and Table 2 gives the resulting parameter values. 
V. Spiral Spooling Pulley Analysis
The analysis methodology for the PAM driven FishBAC mechanism employing a spiral spooling pulley is considered next. The significantly more complicated kinematics of the spiral pulley, as seen in Figure 9 , are first derived. The Genetic Algorithm used to optimize the energy conversion efficiency will then be introduced, followed by the upper and lower bounds for the design parameters and the optimization constraint. The detailed geometry definition of the spiral pulley is shown in Figure 9 . In order to determine the length of the moment arm, l m , and the amount of PAM contraction, ∆L/L 0 , which occurs due to rotation of the spiral pulley about point E by the angle δ, the kinematics can be derived as follows.
First, we define the quadratic radius profile of the spiral pulley in polar coordinates:
Note that although the variation in radius studied here is quadratic, any profile could be adopted. Higher order polynomials, for example, could potentially better accommodate non-linear actuator force profiles. The Cartesian coordinates of any point C along the spiral profile can then be found from:
The length of cable, b, between point C and the origin is equal to:
The arc length, S, of the cable wrapped around the pulley from point C to the cable anchor point, D, can be found from the general form of the arc length formula:
The total length of cable, L c , is then equal to
The portion of cable that initially lies between point A and the PAM (as seen in Figure 8b ) is not relevant for this analysis since its length is essentially constant, and therefore makes no contribution to the change in length of the PAM. Instead, the change in PAM length can be found by subtracting the total cable length evaluated at the current pulley rotation angle, δ, from the total cable length at the initial pulley rotation angle, δ 0 , which for this analysis is zero.
(17)
The moment arm, l m , at which the force in the cable acts is defined as the length of the vector perpendicular to vector ̅̅̅̅ which passes through point E. To find this it is necessary to first determine the angle that vector ̅̅̅̅ makes with the horizontal axis, defined as γ in Figure 9 . This is done using the law of cosines for the triangle ABC. The coordinates of point B will be:
where a is a fixed, arbitrary length, taken to be 50 mm for this analysis. The length c of vector ̅̅̅̅ is equal to: √ With a, b, and c now known, the law of cosines can be applied to find the angle β:
From the geometry of vector ̅̅̅̅ :
The angle of the pulley rotation point relative to the origin, θ off , is found from:
The moment arm angle, ψ, in Figure 9b can now be derived given ψ and θ off :
The length of vector ̅̅̅̅ , l off , is equal to:
We can now solve for the moment arm;
Equations (17) and (25) have been derived for any point C on the profile of the spiral pulley. However, in practice there is only one point that is physically relevant to the unspooling action of the pulley at a given δ, and that is the point at which the straight portion of the cable ̅̅̅̅ leaves tangent to the spiral pulley surface.
The point of tangency occurs when the point C has the minimum corresponding angle γ. The value of theta at the tangent point, θ min γ , can be solved for by differentiating Equation 21 with respect to θ and setting equal to zero: (26) For this analysis, the derivative was solved for using MATLAB 2012b. With θ min γ known for a given δ, the corresponding ∆L and l m can be found from Equations 17 and 25. As before, the PAM force, F P , at the current value of contraction is found from the PAM force model 39 and the resulting torque on the spiral pulley will be: (27) As in Equation 9 , the torque on the FishBAC tendon spooling pulley, T F , will be modified by the gear ratio, GR:
And once again, the tendon spooling pulley rotation angle, δ F , is also modified;
Given the non-linearity of the governing equations and the larger number of design variables, a genetic algorithm was chosen to optimize the parameters of the spiral spooling pulley As with the circular pulley, the optimizer was constrained to solutions which generated at least as much torque at every rotation angle as is required by the FishBAC. The objective function J = 1/η ec , evaluated at δ F = 50°, was minimized by the optimizer. Table 3 shows the optimized design parameters output by the genetic algorithm. Of interest here is the shorter initial PAM length required compared to the circular pulley. The 0.118 m PAM used here is 51% shorter than the 0.239 m PAM of the optimized circular pulley. The impact of this on energy input and efficiency will be shown in the Results and Discussion section below. Figure 10 shows the optimized geometry of the spiral pulley. Note the aggressive increase in radius that occurs. 
VI. Results and Discussion
The performance of the spiral spooling pulley will now be considered relative to the baseline circular pulley. The ability of the efficiency optimized solutions to better match the FishBAC torque requirements, and the efficiencies realized by the two mechanisms will be the primary basis of comparison.
The torque available profiles of the two design configurations are plotted against the torque requirements in Figure 11 . It can be seen that both configurations are capable of achieving the design goal of 50° of FishBAC spooling pulley rotation, successfully fulfilling the constraints of the optimizations used. Note that the circular pulley line has a shape similar to the force profile of the PAM actuator shown in Figure 4b . This is expected as the constant radius of the circular pulley directly transforms the force and linear displacement of the PAM into torque and rotation without modifying the shape of the force profile. On the other hand, the spiral pulley is seen to have a fundamentally different shape; one that matches the torque required profile quite closely. This is an interesting result as the spiral pulley geometry was optimized for energy conversion efficiency, and not for torque profile matching directly. The fact that the efficiency optimized geometry produces a close matching in the torque profile serves to validate the underlying assumption of this work; the premise that energy is wasted and efficiency reduced when the force/torque available is greater than that required. While the torque matching is not exact, it is likely that the modest amount of excess torque produced by the spiral pulley above roughly δ F = 15° is a result of the highly non-linear force profile of the actuator. It is conceivable that a higher order parameterization of the spiral pulley radius would be better able to compensate for this, leading to an even better matching between torque profiles.
Figure 11. Torque profiles
By integrating under the torque profiles, the work components can be considered relative to the energy input into the PAM. Figure 12 shows the energy in and work available for the two pulley configurations along with the work out of the load. It can be seen that the longer PAM length required for the circular pulley (L 0 = 0.238 m compared to L 0 = 0.118 m) leads to significantly higher energy input due to its larger internal air volume. As was the case for the torque profiles, the work available from the spiral pulley follows the load much more closely than the circular pulley. For both the circular and spiral pulleys, there is a significant difference between the energy in and the work available which is due to losses in the conversion of internal pressure into force intrinsic to the PAM.
Figure 12. Comparison of energy components
The next, and perhaps most important, result to consider is the evolution of energy conversion efficiency with rotation for the two pulley configurations. Since improving this metric was the stated objective of this research, the efficacy of the kinematic tailoring provided by the spiral spooling pulley can be judged primarily by the results shown in Figure 13 . Here we see that both the circular and spiral pulleys exhibit an increase in efficiency with rotation. This is primarily due to the significant energy input into the actuator required to fill the initial internal volume, which does not directly contribute to work done on the load. The effect of this initial lost energy decreases as the overall energy levels increase, resulting in an improvement in energy conversion efficiency. The most striking aspect of Figure 13 however, is the very large difference in efficiency between the two pulley configurations over the entire rotation range, with the spiral pulley proving significantly better. At the design point of δ F = 50°, the efficiency of the spiral pulley is 41.1%, which is more than double the 19.9% efficiency of the circular pulley.
Figure 13. Evolution of efficiency with rotation
The improvement in efficiency provided by the spiral pulley can be investigated further by considering Figure  14 , which shows the percent improvement in η ec of the spiral pulley over the circular pulley. Note that the improvement is never less than 105%, and that there is a maximum of 175% improvement which occurs at δ F = 20°. From the results of this case study, we can see that the spiral pulley provides a large increase in energy conversion efficiency by allowing a significantly smaller actuator to be used to drive the same load to the same design point. The ability of the smaller actuator to drive the same load is a direct result of the kinematic tailoring which matches the torque profile of the actuator to the requirement. Given the over 50% reduction in actuator length, a significant actuation system weight savings would be realized, in addition to the reduced energy demands afforded by the higher efficiency. Furthermore, the reduction in internal air volume would lead to improvements in the dynamic performance of the system due to reduction of the mass flow rate required to fill and exhaust the actuator at a given frequency.
While the exact magnitude of the improvement provided by the kinematic tailoring is dependent on the particulars of this case study, the underlying reason for its effectiveness is present in a wide range of morphing aircraft actuation design scenarios, encompassing the full range of actuators likely to be used, and many different morphing load profiles to be driven.
VII. Conclusion
In this work, significant improvements in actuation system performance were shown through the implementation of a novel spiral spooling pulley kinematic tailoring mechanism. The concept of energy conversion efficiency was introduced to provide a basis for comparison of the different force/torque profiles available from actuation systems relative to the force/torque required for various driven loads. The loss in efficiency and performance resulting from the mismatch in force profiles for idealized constant force and decreasing force actuators was then shown, and the ability of an idealized increasing force actuator to eliminate these losses was established. A case study investigated the adoption of the spiral spooling pulley to tailor the kinematics of a pneumatic artificial muscle actuator driving the Fish Bone Active Camber mechanism. A baseline circular spooling pulley was also considered to allow for performance comparison. The geometric parameters of both pulley configurations were optimized for maximum energy conversion efficiency. The spiral pulley was shown to be able to generate torque profiles very similar in shape to the idealized increasing force actuator which closely followed the FishBAC torque required. The close match between actuator and load was found to increase energy conversion efficiency more than 100%. Actuator length was also reduced by over 50%, leading to significant weight savings. The kinematic tailoring concept shown here is applicable to a wide range of actuation design problems, in the field of morphing aircraft and outside of it.
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